I. Introduction
T HE growing interest during the last decade in solid oxide fuel cells (SOFCs) has mainly been the progression of the longtime quest of developing more efficient power generation devices. 1 Sr-and Mg-doped LaGaO 3 (LSGM) distorted-perovskite ceramics were recently discovered 2, 3 to have superior oxygen ion conducting properties as compared with yttria-stabilized zirconia electrolytes. Promising ionic conduction performance 4 -6 and the mechanical properties [7] [8] [9] [10] [11] of LSGM ceramics have already been reported. Sr-and Mg-doped LaGaO 3 ceramics were typically synthesized by the conventional solid-state reactive firing (i.e., mixed oxide) method. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Stevenson et al. 14, 15 have used the technique of combustion synthesis 16, 17 in preparing Sr-and Mg-doped LaGaO 3 powders, and more recently, combustion synthesis of LSGM ceramics has been reported for the manufacture of thin films of the same. 18 Djurado et al. 19 and Maric et al. 20 studied the technique of spray pyrolysis for the manufacture of submicrometer LSGM powders. The characteristic of oxygen permeation through composites consisting of LSGM ceramics and noble metals (such as Pd or Ag) was also reported. 21 The influence of various transition-metal dopants, such as Co, [22] [23] [24] [25] [26] [27] [28] Fe, 26, 27, 29 Mn, 26, 29 Cr, 26, 27 V, 26 Cu, Ni, and Zn 29 on the conductivity of such ceramics (all prepared by using the conventional mixed-oxide route) has also been examined.
On the other hand, wet chemical syntheses of this family of solid electrolyte compounds have received relatively little attention. The route of coprecipitation (with NH 4 OH addition), starting with an aqueous mixture of the acetates of La, Sr, and Mg, and of gallium nitrate, have been studied for the first time by Huang et al. 30 Huang et al., in a separate paper, 31 have also briefly mentioned the use of Pechini method [32] [33] [34] for the synthesis of LSGM powders. In a previous study, we also have tested the Pechini method for preparing fine powders of LSGM stoichiometry, following the high-temperature calcination of the obtained Pechini resins. 35 Synthesis of inorganic powders by aqueous precipitation in the presence of decomposing urea (CH 4 N 2 O) is not an original concept of this study, and this method has previously been shown to work satisfactorily in different material systems by Matijevic, 36 -38 and others. 39 -43 Synthesis of ceramics by enzymecatalyzed reactions, which are performed in aqueous solutions, have also been studied by Gauckler et al. 44 In the present paper, a simple chemical preparation route is described, for the first time, for the preparation of Sr-and Zn-doped LaGaO 3 
II. Experimental Procedure
The powders were synthesized by using 0.15-0.75M separate stock solutions of each of the following chemicals: La(NO 3 ) 3 ⅐0.9H 2 O (Ͼ99%, Merck, Darmstadt, Germany), Ga(NO 3 ) 3 ⅐xH 2 O (99.999%, Sigma-Aldrich Chemie GmbH, Steinheim, Germany), Sr(NO 3 ) 2 (Ͼ99%, Merck), and Mg(NO 3 ) 2 ⅐0.6H 2 O (Ͼ99%, Merck). The stock solutions were prepared by dissolving appropriate amounts of the starting chemicals in boiled deionized water. The value of x given (assigned by the manufacturer) in the formula of gallium nitrate was experimentally found to be 4.06 (by ICP-AES analyses we performed on the stock solutions). Urea and and enzyme urease (5 units/mg) used were reagentgrade (Ͼ99%, Merck). The molar ratio of urea to total cations (and therefore, its influence on the phase purity of the calcined precursor powders) in the precipitation solutions was investigated over the range of 10 to 30. The aging time and aging temperature were kept constant at 1 h and 90°C, respectively, throughout the entire experiments. The total cation concentration in the solutions was also kept constant at 0.05M.
The optimum recipe for the preparation of LSGZ-hydroxycarbonate precursor powders can be described as follows: A total of 24 mL (0.002 mol of La 3ϩ and Ga 3ϩ each, and 0.0005 mol of Sr 2ϩ and Zn 2ϩ each) of cation stock solutions was first mixed in a 150 mL capacity glass beaker. Deionized water (76 mL) containing 9 g of previously dissolved urea (and/or 50 mg of enzyme urease) was then added to this beaker. The solution was mixed for 15 min at 22 Ϯ 1°C. Hydroxypropylcellulose (99%, Sigma) was also used (20 mg) as a dispersing agent. The final solution was then heated to 90 Ϯ 1°C on a hot plate in about 60 min. As an alternative to the precipitation experiments performed in a beaker on a hot plate, it was found that placing the same amount of solution (as above) in a 100 mL capacity glass bottle (with a screw cap) and then placing this bottle in a microprocessor-controlled oven at 90°C and keeping it there for 90 min would produce precursor powders with a perfectly identical chemical composition and morphology. The formed precipitates, after 1 h of aging at a constant solution temperature of 90°C, were finally separated from the mother liquor by centrifugal filtration (9000 rpm, 10 min), followed by washing three to four times with 2-propanol (99%, Merck). The washed precipitates were oven dried at 90°C in air, overnight. Dried powders were finely ground by hand with an agate mortar/ pestle, and then calcined, as loose powders, in alumina boats in air at various temperatures (350 -1300°C). Each calcination batch was heated to the specified temperature at a rate of 5°C/min, soaked at this temperature for 6 h, and then cooled back to ambient at the same rate.
Phase distribution in the powders was analyzed as a function of calcination temperature by a powder X-ray diffractometer (D-5000, Siemens GmbH, Karlsruhe, Germany) and CuK␣ radiation (40 kV, 30 mA, step size 0.016°, count time 1 s, 10 -80°2). A silicon external standard to correct for systematic errors was used, along with the Appleman Least Squares Refinement Program. 45 Pyrolysis and decomposition of a 150 mg portion of the precursors were monitored by simultaneous differential thermal and thermogravimetric analysis (STA501, Bähr GmbH, Bremen, Germany) in air at a rate of 5°C/min. FTIR analyses of the samples were performed (IFS 66, Bruker GmbH, Karlsruhe, Germany) by mixing them (1 wt%) with dry KBr to form the pellets. The residual C contents of the uncalcined and calcined powders were determined by the combustion-IR absorption method (CS-800, Eltra GmbH, Neuss, Germany). The morphology and elemental constitution of the powders was studied by field-emission scanning electron microscopy (DSM 982 Gemini, Zeiss GmbH, Oberkochen, Germany) and EDS (6103, Oxford Microanalysis Group, Oxford, U.K.).
III. Results and Discussion
During homogeneous precipitation, the conditions of formation of a solid hydroxide or hydroxycarbonate phase in the synthesis beakers are governed by the controlled generation of hydroxide ions (as well as carbonate ions) through the decomposition of urea. 46 The presence of enzyme urease in solutions simply enhances the rate of decomposition of urea, especially at temperatures below 80°C. 44, 47, 48 The decomposition behavior of urea in aqueous solutions appears to depend on the urea concentration, as well as other variables such as temperature and the presence and amounts of cations in the solution. 49 Decomposition of urea and the progress of precipitation in the La-, Sr-, Ga-, and Zn-containing solutions was followed in terms of pH changes, and a typical plot of pH versus reaction time is given in Fig. 1 for different solutions. In all of these, the solution temperature was raised from 22°to 90°C in about 60 min. It appeared that the initial drop in pH might be due to both the presence of acidic cations in the solution and, although not directly suggested by the data of Fig. 1 , the formation of the intermediate complex HCNO, 50 followed by an increase in the ion product constant (K w ) of water, associated with a slow increase in temperature. The characteristic abrupt rise in pH seen in Fig. 1 , for different urea-to-cation (U/C) ratios, coincided with the observation of a slight turbidity in the solution as precipitation started. Following this, a rather slow increase in pH was observed until the hydrolysis of cations was complete. On the completion of the decomposition of urea, the pH of the solution leveled off, and remained more or less the same during the rest of the aging period. The accurate sequence of chemical reactions describing the process of homogeneous decomposition of urea (at T Ն 70°C) was previously documented. 39, 47 On the other hand, the influence of the U/C ratio and the presence of enzyme urease on the solution pH are also indicated by the data presented in Fig. 1 . Enzyme urease, being a biological catalyst, would significantly increase the rate of urea decomposition at low (T Ͻ 20°C) solution temperatures, but it is not consumed by the process: 47 according to the reaction
The reaction speed basically depends on temperature and the amount of enzyme urease added. One unit of urease, for instance, will liberate 1 mol of NH 3 from urea per min at pH 7 and 25°C. 47, 51 It was observed that the enzyme urease could be used to slightly increase the final pH value of the LSGZ-hydroxycarbonate precipitation solutions, as well as to decrease the incubation time for the formation of precipitates in the solutions. When the U/C ratio was kept below 20 (such as 10), it was not possible to obtain single-phase LSGZ, following the calcination of precursors at 1300°C for 6 h. In such cases, the observed secondary phases (after heating at 1300°C) were LaSrGa 3 O 7 , La 4 Ga 2 O 9 , and LaSrGaO 4 . All of the final precipitates corresponding to the pH versus time traces given in Fig. 1 yielded single-phase LSGZ ceramics after calcination.
Simultaneous TG/DTA traces for a representative precipitate powder (for the samples of U/C ϭ 30 and no urease), which had been dried at 90°C, are shown in Fig. 2 . Samples showed a total weight loss of about 33%, on heating to 1200°C, which took 
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Preparation of Sr-and Zn-Doped LaGaO 3 Powdersplace in three steps. A TG trace, which exhibits such distinct steps, is typical for basic hydroxycarbonate powders precipitated in the presence of decomposing urea in aqueous solutions. 43 The first two steps corresponded to a total weight loss of ϳ23%, while the third amounted to a weight loss of ϳ10%.
The first endotherm (at 95-100°C) of the DTA trace corresponds to the removal of surface adsorbed H 2 O from the precursors. The second (ϳ440°C) and the third (ϳ760°C) endotherms possibly correspond to the removal of hydroxide and carbonate ions, respectively. Therefore, the following reaction may describe the overall conversion of the precursors to the LSGZ ceramic on calcination in air at a temperature Ͼ1000°C: The total weight loss in the above reaction would reach ϳ34%, and the same figure obtained from the experimental TG data (i.e., ϳ33%) would thus be in accord with the above reaction. The EDS analyses performed on these precursor powders (immediately after 90°C drying) gave the following weight percentages for the elements: 32.2 La, 5.15 Sr, 16.21 Ga, and 3.88 Zn. These values were also found to be in close agreement with the proposed hydroxycarbonate formula for the precursors.
The sequence of phase evolution in LSGZ precursor samples was given by the XRD spectra (as a function of increasing calcination temperature) of Fig. 3 . Precursor powders, following the 90°C drying step, were found to be crystalline, with an orthorhombic pattern quite similar to those of a previously reported experimental XRD data for LaAl(OH(CO 3 )) 2 precursors, 43 which were also synthesized from aqueous solutions in the presence of decomposing urea. This pattern also resembles that of the mineral ancylite (i.e., (Ce)(Sr,Ca)(La,Ce)(OH)(CO 3 Table I . Precursors calcined for 6 h at 350°C still had the same diffraction pattern. However, this crystalline phase of the dried precursors disappeared completely on heating to ϳ500°C. The precursor powders transformed into single-phase LSGZ after single-step calcination (as a loose powder) at temperatures above 1200°C. The phases observed at the intermediary calcination temperatures can be listed as follows (as they appear in the caption of Fig. 3 . It should be remembered that since the ICDD PDF database does not yet contain entries for the precursor phases having the nominal LSGZ composition, at this stage we could only use the similar diffraction patterns of various lanthanides (such as phases denoted by (a) and (c)) in indexing our experimental phases. Therefore, the phase assignments given here should not be regarded as absolute, especially for XRD traces up to 1000°C.
As compared with the route of sol-gel synthesis used for the production of LSGM (La 0. 8 30, 31 the procedure described in the current work eliminated the need for discrete NH 4 OH additions for pH control in the starting solutions, and also eliminated the need for aging of gels at room temperature for 3 days. 31 However, it was also reported 31 that the phase evolution in the sol-gel precursors, as a function of increasing calcination temperature, first went through a stage of multiphase intermediary products at low temperatures, and then the pellets prepared from the sol-gel precursors were converted to single-phase LSGM ceramics only after heating at 1400°C. It has to be noted that the powders of the present study do not even need to be pelletized to form the LSGZ phase at 1300°C.
The crystal structure of the LSGZ samples of this study were found to be "noncubic," in contrast to many reports [3] [4] [5] 12, 30, 31 which claimed perfect cubic symmetry for Sr-and Mg-doped LaGaO 3 ceramics, and this finding about the crystal structure of LSGZ is in agreement with a recent neutron diffraction study (on LSGM powders) by Slater et al. 52 It is known that undoped LaGaO 3 adopts an orthorhombic structure (either Pnma or Pbnm) 53 at room temperature, and in lightly doped (with Sr and Mg) lanthanum gallate the symmetry still remains as orthorhombic. 54 Slater et al. reported 52 the observation of either a pseudo-orthorhombic or monoclinic (I2/a) symmetry for the On the other hand, the inset in Fig. 3 clearly shows the characteristic splitting (55°to 70°2) in the XRD peaks of our La 0.8 Sr 0.2 Ga 0.8 Zn 0.2 O 2.8 samples. LSGZ samples of this study were found to have an orthorhombic unit cell with lattice parameters of a ϭ 7.8231(5) Å, b ϭ 5.5310(5) Å, c ϭ 5.5115(4), and V ϭ 238.48(2) Å 3 . The space group was Pnma (62). A tentative XRD pattern for this new phase has been given in Table II . Rietveld analyses 55, 56 were performed (by using the atom positions given by Marti et al. 53 for LaGaO 3 ) on the raw XRD data of the LSGZ powders calcined at 1300°C to generate the calculated XRD patterns. It was thus found that those small peaks which Skowron et al. 54 recently had a difficulty in indexing under the assumed cubic symmetry were actually the low-intensity peaks of such an orthorhombic structure. A tentative crystal structure drawing of the LSGZ phase is shown in Fig. 4 , and the atomic coordinates 53 of this structure are given in Table III . Sr 2ϩ and Zn 2ϩ ions are substituting for the La 3ϩ and Ga 3ϩ sites, respectively. Although far from being identical, the structure of LSGZ resembles that of YFeO 3 to a certain extent. 57 FTIR plots (as a function of calcination temperature) of the LSGZ samples are given in Fig. 5 . The broad band at 3500 -2500 cm Ϫ1 is due to O-H stretching. Atmospheric CO 2 adsorbed on a metal cation is indicated by the band at 2342 cm Ϫ1 (for 600°C sample). The existence of a carbonyl bond (CϭO stretching vibration) is indicated by the bands in the range of 1800 -1730 cm
Ϫ1
. The OH deformation band is seen at 1625 cm
. The structural CO 3 2Ϫ is observed by the broad band at 1520 -1330 cm
, also at 1074 -1028, 858 -805, and 730 -696 cm
. Splitting of the CO 3 2Ϫ bands is commonly observed 58 in basic carbonates, and such splitting is clearly observed in our data. After calcination at 1300°C, IR bands attributed to anion vibrations disappeared in the LSGZ samples.
The results of carbon analyses were found to be as follows: 6.01, 4.15, 2.34, 0.085, and 0.020 wt% for the 90°, 350°, 600°, ions even at a level of 850 ppm (i.e., 1000°C sample). Furthermore, the EDS analyses performed on the 1300°C-calcined powder samples yielded the following mole ratios: La/Sr ϭ 3.98, La/Ga ϭ 0.98, and Ga/Zn ϭ 4.01. These figures experimentally confirmed the theoretical mole ratios of the elements expected to be present in the final, calcined samples, and they also showed that it is possible to replace Mg 2ϩ (i.e., LSGM) by Zn 2ϩ (i.e., LSGZ). Chemical precipitation in the presence of decomposing urea is, therefore, shown to be able to yield LSGZ ceramics of high elemental uniformity and phase purity.
The powder morphology of LSGZ powders, as a function of calcination temperature, is given by the SEM pictures of Fig. 6 . These pictures were taken directly on noncompacted powder samples, following their ultrasonic dispersion in 2-propanol suspensions (20 mg powder in 2 mL of 2-propanol) for a couple of minutes, and drying on the SEM sample holders. The orthorhombic hydroxycarbonate precursor powders which were dried at 90°C and calcined at 350°C (Figs. 6(a) and 6(b)) both had almost the same morphology. The platelike, bigger particles in these micrographs were found (by EDS analyses) to be slightly richer in La and Ga (equimolar), as compared with the smaller, more or less round particles. This means that there have been two different nucleation events taking place in the synthesis beakers, i.e., one for the platelike, and the other for the round, small particles. For this reason, the process used in this study cannot be called homogeneous precipitation. However, with increasing calcination temperatures (500°, 700°, and 1000°C, i.e., Figs. 6(c), (d), and (e), respectively) these larger particles disappeared, and after calcination at 1000°C (for 6 h), the powder body consisted of round particles with an average diameter of 0.25 m. These particles of Fig. 6(e) show a significant degree of necking and bonding after calcination at 1000°C. Following calcination at 1300°C, the noncompacted powder body consisted of dense, 20 to 30 m chunks whose typical surfaces are depicted by the micrograph of Fig. 6(f) . The morphologic evolution of the loose LSGZ powder bodies during calcination in alumina boats indicated that such powders are easy to sinter into a dense ceramic with a single, orthorhombic perovskite phase. As indicated in a quite recent study by Sebastian et al., 28 Sr-and Zn-doped LaGaO 3 ceramics would exhibit almost pure ionic conductivity, in contrast to doping with other transition-metal elements, like Mn, Co, Ni, or Cu. Measurement of the conductivity of the chemically synthesized powders of the present work will be one of the forthcoming tasks of our group.
IV. Conclusions
A chemical precipitation and powder processing route, which employs the hydrolysis of acidic cations via urea decomposition catalyzed by the enzyme urease, followed by calcination, has been developed for the preparation of powders with a novel composition of La 0.8 Sr 0.2 Ga 0.8 Zn 0.2 O 2.8 (i.e., LSGZ). Precursor powders of the precipitation process were shown to have the stoichiometry of 
